The lipid fluidity of microsomal membranes from the petals of cut carnation flowers decreases as the flowers senesce. A comparable chane in fluidity was induced by in vitro aging of microsomal membranes from youn flowers under conditions in which membranous lipoxygenase-like activity was active. There was no change in fluidity when the membranes were aged in the presence of inhibitors of lipoxygenase or were heatdenatured prior to aging. Membranes from naturally senesced flowers and membranes that had been aged in vitro both sustained an increase in saturated.unsaturated fatty acid ratio that accounted for the decrease in lipid fluidity, and in both i s there was evidence for depletion of the unsaturated fatty acids, linoleic acid, and linolenic acid, which are substrates for lipoxygenase. Loss of lipid phosphate reflecdtng breakdown of membrane phospholipids preceded the depletion of unsaturated fatty acids attributable to the lipoxygenase-like activity. The data have been interpreted as indicating that fatty acid substrates for membrane-associated lipoxygenase-like activity are made available by the initiation of phospholipid degrdation, and that the utilization of these substrates results in a selective depletion of unsaturated fatty adds from the membrane and an ensuing decrease in bulk lipid fluidity.
Membrane deterioration attributable to lipid degradation and ensuing destabilization ofthe bilayer appears to be a fundamental feature of senescence (28) . During the early stages of senescence, there is a pronounced decline in membrane phospholipid that becomes manifested as an increased membrane sterol:fatty acid ratio (2, 19, 26) . This observation implies a role for lipases in membmne deterioration, and it has recently been established that there are three lipid-degrading enzymes, phospholipase D, phosphatidic acid phosphatase, and lipolytic acyl hydrolase, associated with senescing membranes (21) . These enzymes collectively mediate phospholipid breakdown and the release of free fatty acids.
There is also evidence that free radical-induced peroxidation of lipids contributes to membrane deterioration during senescence. Dhindsa et al. (8) have demonstrated a correlation between lipid peroxidation and increased membrane permeability in senescing leaves. Senescing tissues also accumulate peroxidation products that appear to be localized in membrane lipid bilayers (22, 30) and are likely to destabilize the bilayer structure.
One apparent manifestation of this is a decrease in membrane ' Supported by grants from the Naturl Sciences lipid fluidity (1, 4, 19, 26) . There are also large changes in the phase properties of senescing membranes that have been attributed to lipid peroxidation (24, 27) .
Lipoxygenase, an enzyme that is capable of forming activated oxygen and initiating lipid peroxidation, is also associated with senescing membranes (16, 17) . As senescence progresses, linoleic acid and linolenic acid, which are substrates for lipoxygenase, would be among the fatty acids released from membrane phospholipids. In the present study, we have examined the extent to which membrane deterioration in senescing carnation flowers can be attributed to the concerted effects of phospholipid degradation and the action of membrane-associated lipoxygenase-like activity.
MATERIALS AND METHODS
Plant Material and Membrane Isolation. Carnation flowers (Dianthus caryophyllus L. cv White-Sim) were grown under greenhouse conditions and cut at a young stage when the petals had expanded about 2 cm beyond the sepals. The flowers were placed individually in glass tubes containing deionized water and maintained at 22°C under continuous illumination (240 ft-c) from fluorescent lamps (Sylvania, Seneca Falls, NY, 40 W) until they reached specific stages of senescence.
The stages selected for membrane isolation were: stage I, young flowers 1 d after cutting with petals emerged an average of 2 cm from the sepals; stage III, fully expanded flowers, completely white in color, but not yet showing inrolling symptoms; stage V, senescent flowers in which the petals show advanced inrolling symptoms, have lost turgidity and are partially closed. Microsomal membranes and the postmicrosomal supernatant (cytosol) were isolated as previously described (18) . The microsomal membranes were washed by resuspension in 2 mM Epps3 (pH 8.5), and centrifugation at 131,000g for 1 h. The resulting pellet was suspended in 2 mm Epps (pH 8.5), to a concentration of 2 mg protein ml-' and either used directly or dialyzed. In the latter case, 6 ml of membrane suspension (2 mg protein ml-') were dialyzed against 1,000 ml of 10 mm Epps (pH 8.5), at 5°C. The buffer was changed after 1 and 2 h, and dialysis was then continued for an additional 12 h.
For in vitro aging experiments, the membrane suspension was diluted to 0.1 mg protein ml-' in 2 mM Epps adjusted to pH 7.3 or 8.5, and 60 ml of the diluted suspension were incubated in a 50 ml Erlenmeyer flask at 24°C. Samples (20 ml) were withdrawn after specified intervals and pelleted by centrifugation for 1 h at 131,000g. The resulting pellet was resuspended in 2 ml of 2 mM Epps adjusted to pH 7.3 or 8.5.
Lipid Extraction and Preparation of Liposomes. Total lipids were extracted from membrane samples equivalent to 2 mg protein as described by Bligh and Dyer (3). In some experiments, the lipid extract was fractionated into polar lipids and neutral lipids on a silica Sep-Pak column according to Hamilton and Comai (11) . The identities of the fractions separated on the column were confirmed by TLC. Plates were spotted with total lipid extract and developed either in a solvent system designed to separate polar lipids (chloroform: acetic acid:methanol:water/ 85:15:15:3.5) or in one designed to separate neutral lipids (petroleum ether.anhydrous ethyl ether.acetic acid/65:35: 1). The separated components were visualized by sulfuric acid charring. Plates spotted with polar lipid eluant and neutral lipid eluant from the column were developed in the same solvent system. The neutral lipid eluant migrated to the front in the solvent system designed to separate polar lipids and showed a separation pattern identical to that for the total lipid extract when developed in the solvent system designed to separate neutral lipids. Conversely, the polar lipid eluant remained at the origin in the neutral lipid solvent system and showed a separation pattern identical to that for the total lipid extract when developed in the polar lipid solvent system.
Liposomes were prepared from total lipid and purified polar lipid. Approximately 1 mg of lipid sample was evaporated to dryness in a 12 x 10 mm round-bottom tube under N2. Residual solvent was removed in vacuo, and 1 ml of 2 mm Epps (pH 7.3) was added. The mixture was vortexed for 15 s and then sonicated at 40°C for 2 min. The liposome suspension was then cooled to room temperature and used directly for fluidity measurements.
Fluorescence Depolarization. Lipid fluidity was measured by fluorescence depolarization after labeling the membranes or liposomes with DPH as described previously (26) . Polarization measurements were made at 22°C with an SLM model 8,000 spectrofluorimeter equipped with an SPC-822/823 data acquisition unit. Monochromators were used on both the excitation and emission channels.
Chemical and Enzymic Analyses. Protein was measured as described by Bradford (5) and phosphate as described by Idaya and Ui (12) . Levels of sugar in lipid extracts of microsomal membranes were determined by the method ofDubois (9) . Total fatty acids were methylated as described by Morrison and Smith (20) . Methyl esters of free fatty acids in the lipid extracts were prepared according to Walker et al. (29) . The methyl esters of total and free fatty acids were analyzed by GLC on a Perkin Elmer model 3B gas chromatograph equipped with a flame ionization detector and a glass column (0.32 x 180 cm) packed with 10% diethylene glycol succinate on Supelcoport 80/100 mesh. The instrument was operated isothermally at 190°C with helium as a carrier gas flowing at 25 ml per min. Sterols were analyzed by GLC as described previously (26) . Lipoxygenase activity was determined by measuring the formation of O2 or spectrophotometrically at 234 nm (17) .
RESULTS
Membrane Fluidity. The polarization values for microsomal membranes labeled with DPH increased during natural senescence from 0.242 for microsomes isolated from young stage I flowers to approximately 0.325 for membranes isolated from senescent stage V flowers (Fig. IA) . This has been noted previously for carnations (26) 8.5 (Fig. 1B) , but for undialyzed membranes aged in the same manner there was no change in polarization (Fig. IC) . As well, the rise in DPH polarization was almost completely inhibited when 10 mM npropyl gallate was included in the aging reaction mixture (Fig.  I D) and did not occur ifthe membranes were first heat-denatured (Fig. IF) . When dialyzed membranes were aged for 15 h at pH 7.3, the rise in polarization reflecting a decrease in membrane fluidity was small (Fig. 1E ). The dialysis treatment per se did not significantly decrease fluidity (Fig. 1) .
It has been previously demonstrated that a lipoxygenase-like activity is associated with these membranes (16) . The observations that the decrease in fluidity during in vitro aging is greater at pH 8.5, the pH optimum for the membrane-associated lipoxygenase, than at pH 7.3 and is inhibited by n-propyl gallate, an inhibitor of lipoxygenase (25) , suggest that this enzyme contributes to the reactions that change membrane fluidity. The dependence of the fluidity change on prior dialysis is consistent with the finding that there is a potent inhibitor of lipoxygenase in the cytosol of this tissue, which adsorbs to membranes during isolation and can only be removed by dialysis (16, 18) . Indeed, the activity of microsomal lipoxygenase measured spectrophotometrically at 234 nm (17) was inhibited by 80 ± 4% (SE for n = 3) in the presence of 10 ,g ml-' cytosolic protein.
Antibiotics were not added to the in vitro aging reaction mixtures because of concern that they might alter the properties of the membranes. However, the possibility that the fluidity changes were attributable to bacterial contamination is ruled out by the finding that there was virtually no change in fluidity when undialysed rather than dialysed membranes were used. As well, the same fatty acids were present, albeit in different proportions, before and after aging; in particular, fatty acids peculiar to bacteria were never observed.
Fatty Acid Composition. Further evidence for the involvement of lipoxygenase in the in vitro aging reactions was obtained by examining changes in the fatty acid composition of the membranes. When dialyzed membranes were aged in vitro at pH 8.5, there was a selective depletion of linoleic and linolenic acids, which are substrates for lipoxygenase. Levels of linoleic acid decreased from 42% of the total fatty acid complement to 15%, and linolenic acid decreased from 6% to 1% (Table I) . This corresponds to a decline in linoleic acid from 9.76 to 1.80,umol/ ,gmol sterol (a decrease of 81.5%) and to a decline in linolenic acid from 1.56 to 0.12 umol/,gmol sterol (a decrease of 92.3%).
By comparison, total fatty acids declined from 23.26 to 12.04 ,Mmol/Lumol sterol (a decrease of only 48%). There was a corresponding rise, on a percentage basis, in the levels of myristic, palmitic, stearic, and oleic acids (Table I ). This selective removal of polyunsaturated fatty acids resulted in a substantial rise (=3-fold) in the saturated:unsaturated ratio for both total fatty acids and free fatty acids in the membranes (Table II) . The level of free fatty acids also increased during in vitro aging over a 15 h period from 11 ± 0.44% to 33 ± 2.9% (SE for n = 3) of the total fatty acid complement. Aging the membranes at pH 7.3 again resulted in a selective, but less pronounced, depletion ofthe fatty acids that serve as substrates for lipoxygenase. Linoleic acid decreased from 50% of the total fatty acid complement to 37%, and linolenic acid decreased from 9.3% of the total to 1.4% (Table I) . This corresponds to a decrease of 5. Fig. 2) . The pH dependence of microsomal lipoxygenase was determined by measuring the formation of 02. The microsomal enzyme shows the same pH optimum when measured by the formation of 02 or spectrophotometrically at 234 nm (17) , but the former technique allows an assessment of activity in the absence of Tween 20 and thus more closely simulates the conditions used during the in vitro aging studies. Undialyzed membranes showed virtually no change in fatty acid composition during the aging period, and in the presence ofn-propyl gallate there was only minimal depletion of linolenic and linoleic acids (Table I) .
There were also changes in the total fatty acid composition of microsomal membranes during natural senescence, but the pattern of change was different from that observed during in vitro aging of the membranes. In particular, there was not a selective depletion of linoleic and linolenic acids, the substrates for lipoxygenase. Rather there was a decline in oleic acid (Fig. 3) 1.12 ,gmol/,4mol sterol (45%). Changes in the composition ofthe free fatty acid fraction during senescence more closely paralleled those seen during in vitro aging in that there was a decline in linoleic acid and linolenic acid as well as in oleic acid (Fig. 4) . Although there was an increase in the proportion of free fatty acids from 15 ± 3% to 30 ± 5% (SE for n = 3) of the total fatty acid complement between stage I and stage V, levels of free linoleic acid actually declined from 0.48 to 0.29 ,umol/,umol sterol (39.5%), free linolenic acid declined from 0.11 to 0.039 ,umol/,umol sterol (64.5%) and free oleic acid declined from 0.187 to 0.071 gmolhtmol sterol (62%). This indicates that linoleic acid and linolenic acid are being utilized by lipoxygenase during natural senescence as well, for this enzyme can only use deesterified fatty acids as substrates. There was also a rise in the saturated:unsaturated ratio for both total fatty acids and free fatty acids during natural senescence (Table II) .
Phospholipid Degradation. The availability for substrate for lipoxygenase would normally be very limited because fatty acids are for the most part esterified. However, during senescence there is a progressive degradation of membrane phospholipids and an ensuing release of free fatty acids. As cut carnation flowers aged, microsomal phospholipid phosphate declined from 0.221 + 0.018 ,mol/mg total lipid for stage I flowers to 0.133 ± 0.014 Amol/mg total lipid for stage V flowers (Fig. 5 ). This decline in phospholipid phosphate was also observed during in vitro aging of isolated membranes. Over a 15 h aging period, the degree of phospholipid loss was greatest for microsomal membranes from stage I flowers (=80% relative to the value at time 0) and least for stage V flowers (=30% relative to the value at time 0). During this period the total amount of membrane lipid (on a weight basis) decreased by 45 ± 4.1% (SE for n = 12). Loss of phospholipid phosphate during in vitro aging occurred to much the same degree at pH 7.3 and pH 8.5 . During natural senescence and also during in vitro aging, there was an increase in the lipid sugar.phospholipid phosphate ratio of the membranes (Fig. 6 ). This can be interpreted as indicating that the microsomal fraction contains galactolipids as well as phospholipids and that the phospholipids are preferentially degraded.
The decline in phospholipid phosphate of microsomal membranes during natural senescence and during in vitro aging was also reflected in increased sterol:phospholipid and sterol:fatty acid ratios. Values for these ratios rose 2.3-fold between stage I and stage V of natural senescence and also when dialyzed microsomal membranes from stage III flowers were aged in vitro for 15 h (Table III) branes. To determine whether this could account for the decrease in bulk lipid fluidity that accompanies natural senescence and in vitro aging (Fig. 1 ), liposomes were prepared from total lipid extracts as well as from purified polar lipids of membranes that had undergone natural senescence or in vitro aging. The fluidity of these liposomes was determined by fluorescence depolarization after labeling with DPH. During natural senescence, the DPH polarization values of liposomes prepared from total lipid extracts or purified polar lipids increased markedly. Over the same period, DPH polarization values for the corresponding native membranes also increased (Fig. 7) . The fact that the polarization values for liposomes of the total lipid preparation were lower than those for the native membranes can be attributed to the removal of proteins. Polarization values for the purified polar lipid fractions were also lower than those ofthe corresponding total lipid fraction (Fig. 7) . This can be attributed to the removal of sterols, which are known to rigidify lipid bilayers. Following in vitro aging of dialyzed stage III membranes, DPH polarization values of liposomes prepared from total lipid extrats and purified polar lipids were both higher, and polarization values for the corresponding native membranes had risen to a comparable level (Fig. 8) . The fact that the changes in polarization were essentially comparable for membranes and for liposomes prepared from purified polar lipids suggests that the decrease in bulk lipid fluidity during natural senescence as well as during in vitro aging is attributable to a decrease in fatty acid unsaturation.
Temporal Sequence of Deteriorative Changes. In an effort to establish a temporal relationship among the various parameters of membrane deterioration, microsomes from stage III flowers were aged in vitro without prior dialysis. Under these conditions microsomal lipoxygenase-like activity shows little activity because of a cytosolic inhibitor that remains associated with the membranes (16, 18) . This is illustrated by the data in Table I , which demonstrate that without dialysis there is virtually no change in the fatty acid composition, and in particular no loss of linoleic acid and linolenic acid, substrates for lipoxygenase, over a 15 h aging period. During 3 h of in vitro aging without prior dialysis, the decrease in phospholipid phosphate reached 83% of the value obtained after 15 h of in vitro aging following dialysis, and the sterol:phospholipid phosphate ratio increased to 71% of the total change observed after 15 h of in vitro aging following dialysis (Table IV) . By contrast, changes in the sterol:fatty acid ratio, saturated:unsaturated fatty acid ratio, and DPH polarization during 3 h ofaging without prior dialysis were 2.4, 4.3, and 0% of the total changes in the same parameters observed over a 15 h aging period after dialysis (Table IV) in lipid unsaturation, and they are consistent with the contention that breakdown of membrane phospholipid generates fatty acid substrates for membranous lipoxygenase-like activity. This is further supported by the data in Figure 9 , which demonstrate that, even for dialysed membranes, phospholipid breakdown as reflected by a rise in the sterol:phospholipid phosphate ratio precedes both the decrease in unsaturation and the rise in polarization that can be attributed to lipoxygenase-like activity.
DISCUSSION
Peroxidation of membrane lipids appears to be an inherent feature of senescence (7, 8, 16, 22) . The reactions of peroxidation can be initiated enzymically through lipoxygenase, and the finding that a proportion of the total lipoxygenase activity in senescing tissues is associated with membranes (16, 17) suggests a role for this enzyme in the lipid peroxidation reactions of senescing membranes. In some tissues, lipoxygenase activity increases with advancing senescence in a temporal pattern that is consistent with its putative role in promoting oxidative damage (10, 15, 22) . However, in other tissues lipoxygenase activity declines with age (14, 23) , and this has been interpreted as being inconsistent with a putative role for the enzyme in the oxidative deterioration that precedes cell death. This may in part be explained by the fact that the membrane-associated enzyme, which is likely to be the most important form of the enzyme in terms initiating peroxidative reactions within membrane bilayers, represents only a small proportion of the total activity (17) . Thus changes in total activity may not be reflective of changes in the activity of the membrane-associated form of the enzyme. In addition, the timing and extent of peroxidative reactions initiated by lipoxygenase are likely to be determined more by the availability of endogenous substrate for the enzyme than by changes in its activity as measured in vitro in the presence of exogenous substrate. Thus, lipoxygenase in the membrane or in the cytosol will remain essentially latent until substrate in the form of free fatty acids is released. Finally, lipoxygenase need only initiate lipid peroxidation which, once under way, is self-propagating in the absence of inhibitors or scavengers. Thus, accumulation of activated oxygen species with advancing senescence need not be predicated upon increased lipoxygenase activity.
In the present study, we have attempted to elucidate the way in which lipoxygenase contributes to membrane deterioration during senescence ofcarnation flowers and to define the temporal relationship between any effects of lipoxygenase and the availability of substrate for the enzyme. A lipoxygenase-like activity is known to be associated with microsomal membranes ofsenescing carnation flowers (16) , and two lines of evidence indicate that the fluidity change accompanying senescence of these membranes can be largely attributed to a selective removal of unsaturated fatty acids by this enzyme. First, it proved possible to simulate the decrease in microsomal membrane fluidity accompanying natural senescence of the flowers by in vitro aging of isolated membranes under conditions in which lipoxygenase was active, but not under conditions in which the enzyme was inactive. Specifically, the fluidity change during in vitro aging was prevented in the presence of inhibitors of lipoxygenase or by prior heat-denaturation of the membranes, and was more extensive at the pH optimum for lipoxygenase. Second, the rise in DPH polarization during natural senescence and in vitro aging was virtually the same for liposomes prepared from purified polar lipid extracts and for corresponding membranes indicating that the change in fluidity is attributible to a decrease in fatty acid unsaturation.
Naturally senescent membranes and membranes that had been aged in vitro both sustained an increase in saturated:unsaturated fatty ratio that could account for the rise in DPH polarization. For in vitro aging, this was attributable to depletion of linoleic and linolenic acids, which are substrates for lipoxygenase. During natural senescence, oleic acid rather than linoleic and linolenic acids was depleted from the total fatty acid pool (i.e. esterified and free combined), but within the fraction of free fatty acids, linoleic acid and linolenic acid were depleted as well. This is consistent with the fact that only deesterified linoleic and linolenic acids can be utilized as substrates by lipoxygenase. The large selective decline during natural senescence in oleic acid 
